SNAREs are known as an important family of proteins mediating vesicle fusion. For various biophysical studies, they have been reconstituted into supported single bilayers via proteoliposome adsorption and rupture. In this study we extended this method to the reconstitution of SNAREs into supported multilamellar lipid membranes, i.e. oriented multibilayer stacks, as an ideal model system for X-ray structure analysis (X-ray reflectivity and diffraction). The reconstitution was implemented through a pathway of proteomicelle, proteoliposome and multibilayer. To monitor the structural evolution in each step, we used small-angle X-ray scattering for the proteomicelles and proteoliposomes, followed by X-ray reflectivity and grazing-incidence small-angle scattering for the multibilayers. Results show that SNAREs can be successfully reconstituted into supported multibilayers, with high enough orientational alignment for the application of surface sensitive X-ray characterizations. Based on this protocol, we then investigated the effect of SNAREs on the structure and phase diagram of the lipid membranes. Beyond this application, this reconstitution protocol could also be useful for X-ray analysis of many further membrane proteins.
Introduction
N-ethylmaleimide-sensitive factor attachment protein receptors (SNAREs) have been identified as a family of proteins which promote vesicle fusion. They mediate almost every individual trafficking step of the secretory pathway [1] . Although there are some other SNAREs and non-SNARE proteins involved in synaptic vesicle fusion, its driving force for the actual merger mainly originates from syntaxin (Syx) and SNAP25 which locate on the presynaptic plasma membrane, and synaptobrevin (Syb) which anchors itself in the synaptic vesicle membrane [2] . The Syx/SNAP25 complex and Syb bind with high affinity and together form a 4-helix bundle from the N-terminal to the Cterminal in a zipper like fashion [3] . It is commonly believed that this self-assembly supplies enough energy to overcome the repulsion between opposing membranes, pulls them into close contact and thus facilitates fusion [1, 4] .
To gain a clear insight into complicated SNARE-SNARE and SNARElipid interactions, model lipid membranes can be used and are amenable to structural characterizations, in particular to X-ray and neutron scattering [5] . Various model membrane systems have been developed ranging from black lipid membranes [6] , vesicles [7] , nanodiscs [8] and supported lipid bilayers [9, 10] . For scattering studies, one can choose between several different scattering geometries and sample preparation methods, depending on the experimental constraints and the information required. Small-angle X-ray scattering (SAXS) of either unilamellar or multilamellar vesicles [11, 12] , can be used to deduce the bilayer electron density profiles from least-square fitting of the form factor.
The classical SAXS characterization is limited by the loss of structural information inherent in powder averaging. Provided suitable preparation techniques for highly aligned membranes, reflectivity and grazing incidence small-angle scattering (GISAXS) circumvent this loss of information. In these interface sensitive scattering techniques, the momentum transfer parallel (q ∥ ) and perpendicular (q z ) to the surface of the membranes can be well distinguished. Furthermore, the scattering volume can be precisely tuned by the angle of incidence α. To this end, the membrane mosaicity as quantified by the tilt distribution of membrane normal vectors ω, has to be smaller than the critical angle α c of total external X-ray reflection. Preparation of such oriented single https://doi.org/10.1016/j.bbamem.2017. 10.023 bilayers [13] or bilayer stacks [14, 15] then offers the opportunity to map the two-dimensional reciprocal space. X-ray reflectivity, which probes the structure factor along q z typically offers strong signal, and thus provides the electron density profile ρ(z) as well as the inter-bilayer correlations down to the Angstrom scale [16, 17] . Contrarily, lateral correlations and structure in particular regarding the proteins which can be monitored by GISAXS, exhibit much weaker signal. While synchrotron radiation is brilliant enough to still pick up the diffraction signal of a single monolayer or bilayer, it is often advisable to amplify the diffraction signal by increasing the number of bilayers N. Aside from the higher signal, a further advantage of studying membrane proteins using bilayer stacks (i.e. multibilayers) is that structural alterations and artifacts induced by the substrate surface can be significantly reduced [18] . Adding a soft cushion or tethering can overcome this problem also for single supported bilayers [19] , but at the expense of extra complexity and additional structural parameters.
However, membrane proteins including SNAREs cannot be reconstituted into oriented bilayer stacks with the rather convenient and most frequently used solvent method which achieves film deposition by spreading organic solution (sOS) onto solid-supports (Fig. 1a) [20, 21] . In the sOS protocol, the lipid molecules gradually self-assemble into lipid bilayers during solvent evaporation, and in the end form wellaligned, homogeneous bilayer stacks on the substrates. Although the use of organic solvent is not a concern and even desired for optimized mixing in many lipid-peptide systems, it is prohibitive for membrane proteins. Alternatively, membrane proteins (e.g. glycophorin, porin and bacteriorhodopsin [22] ) can be reconstituted into lipid bilayer stacks by depositing proteoliposome suspensions onto solid-supports. This approach is similar to the deposition of supported single bilayers with vesicle suspensions [23] , which has already been extensively applied to the reconstitution of SNAREs [24, 25] . The main difference between these two is that for single bilayers only a single layer of vesicles adsorb onto the solid-supports and slowly rupture into single bilayers, while for bilayer stacks bulk vesicle suspensions are forced to dry and to form multibilayers during water evaporation. A related solvent-free approach, which did not include reconstituted proteins, was presented by Kucerka et al. [26] .
In this work we show how reconstituted SNAREs can be incorporated into oriented lipid bilayer stacks enabling X-ray analysis without powder averaging. This is required to unambiguously identify the stalk structures from the two-dimensional GISAXS diffraction pattern, as previously shown for pure lipid systems [27, 28] . A first goal is then to verify the structural integrity of the multi-bilayer stacks, and to quantify how the inter-membrane distance, i.e. the lamellar repeat distance d, as well as the lamellar ordering and electron density changes with protein reconstitution. Note that the X-ray measurements are dominated by the indirect collective response of the bilayer to protein insertion, not by proteins directly. Another important goal which motivates this study is to find out how the phase diagram changes in the presence of SNAREs, and whether reconstituted SNAREs promote the equilibrium stalk phase, i.e. are able to lower the critical osmotic pressure at which the phase appears. Finally, a long term goal is the reconstruction of the three-dimensional electron density distribution ρ(r) of model membranes containing SNAREs in the rhombohedral (R) phase.
To obtain oriented membrane stacks with reconstituted SNAREs, vesicles containing v-and t-SNAREs were first separately prepared by eluting SNARE-containing micelles through size-exclusion columns [29] , and then spread onto Si substrates, as shown in Fig. 1b . This SNARE reconstitution protocol was carefully monitored and validated by verifying the structural transitions in each step (i.e. proteomicelle to proteoliposome to multibilayer). SNARE-reconstituted proteomicelles and proteoliposomes were studied by SAXS to reveal the effective structural changes. The supported multibilayers were characterized by X-ray reflectivity and GISAXS, which together provided a detailed view of the effects of SNARE reconstitution on the multibilayers. This solvent-free method, denoted as spreading-vesicle-suspension (sVS), is introduced in detail below, followed by the description of X-ray analysis and the presentation of the phase diagram results.
Materials and methods

Protein expression and purification
The protein expression and purification were described in detail in [30, 31] . Briefly, SNAREs from Rattus norvegicus were cloned with the pET28a vector in E-Coli (strain BL21(DE3)). Subsequently the expressed and isolated SNAREs were purified by Ni-NTA agarose and ion exchange chromatography on MonoQ or MonoS columns (GE Healthcare). His6-tags were cleaved by thrombin digest overnight prior to ion exchange chromatography. Proteins with transmembrane domains (TMD) were handled in the presence of 16 mM CHAPS. The full length Syb (residues 1-116), one of the natural vesicular SNARE components, was directly used. The SNARE motif and transmembrane segment of syntaxin-1A (residues 183-288), SNAP-25A (residues 1-206, with all cysteines replaced by serines), and the C-terminal soluble segment of synaptobrevin 2 (residues 49-96) were assembled into the ΔN acceptor complex (hereinafter referred to in short as ΔN complex or ΔN) overnight at 4°C and further purified by MonoQ ion exchange chromatography in the presence of 16 mM CHAPS. Here ΔN served as the t-SNARE complex, due to its high assembly rate with Syb compared to the "unproductive" 2:1 complex of syntaxin and SNAP25 [29, 32] .
Preparation of proteoliposomes
The preparation of proteoliposomes for later deposition [29, 30] is sketched in Fig. 1b , where Syb is used as an example to illustrate how SNAREs anchor in various aggregates, from micelles to vesicles, and to multibilayers. Proteoliposomes reconstituted with SNAREs were first prepared by size exclusion chromatography [33] . Four lipids were used in this study: 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC or PC), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE or PE), 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS or PS) and Cholesterol (Chol). 1 mg of either PC-PE 4:1 or PC-PE-PS-Chol 5:2:2:1 mol/mol was dissolved in chloroform/(2,2,2)-trifluoroethanol mixture (1:1 vol/vol) and dried by nitrogen flow for 1 h. The film was then stored in vacuum for 2 h to fully remove the organic solvents. 1.8 mg n-octyl-β-D-glucoside (n-OG) was added to 50 μL buffer solution composed of 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 100 mM KCl and 1 mM dithiothreitol (DTT), and then used to re-dissolve the dry lipid film. The n-OG concentration (∼120 mM) was much higher than its CMC (25 mM) so that detergent/lipid mixed micelles were formed [34] . Afterwards, ΔN or Syb suspension containing 1% CHAPS was added until the protein/lipid ratio reached 1:500. The resulting suspension was incubated on ice for 30 min in order to form detergent/ lipid/protein mixed micelles. The remaining detergent was removed by a Sephadex G-25 size-exclusion column (Illustra NAP-25, GE Healthcare) equilibrated with the reconstitution buffer, and salt was removed by another Sephadex G-25 column equilibrated with ultrapure water. During this process, vesicles were formed as n-OG was removed. The collected vesicle suspension was concentrated from 1000 to 100 μL by a concentrator (Concentrator plus, Eppendorf). Finally, suspensions of proteoliposomes reconstituted with either ΔN or Syb were gently mixed (50 μL each) and incubated at room temperature for 30 min, allowing for possible fusion. In addition a control sample without detergent was prepared by sonicating the PC-PE-PS-Chol lipid film together with ultrapure water. All micelles and vesicles were characterized by SAXS to confirm their structures and to determine their structural parameters.
Preparation of lipid bilayer stacks
Four different lipid mixtures (PC-PE, PC-Chol, PC-PE-Chol and PC-PE-PS-Chol) were tested for the sVS preparation of multibilayers. All of them yielded multibilayers with sufficient orientation and long-range order for X-ray investigations. PC-PE was selected as the primary lipid composition for multibilayer deposition based on our previous experience that PC-PE mixtures form highly oriented bilayer stacks with rhombohedral (R) phases already forming at relatively mild dehydration [28, 35] .
Polished silicon wafers (Silchem) cut to 10 × 15 mm 2 were ultrasonic-cleaned by methanol and ultrapure water, and then surface treated by a plasma cleaner (PDC-002, Harrick) under a constant O 2 flow for 10 min to achieve a highly hydrophilic SiO 2 layer. Prior to deposition, the proteoliposome suspension containing ΔN and Syb was prepared as described above. The resulting suspension was first pipetted onto the wafer, which was then brought into a vacuum desiccator, followed by over-night evacuation to thoroughly remove H 2 O, yielding oriented dry multibilayers. The pure lipid multibilayer and the multibilayer containing only ΔN were prepared in the same way, to serve as control samples. The supported lipid multibilayers were then ready for the characterization by X-ray reflectivity and grazing-incidence small-angle scattering (GISAXS). In addition, pure lipid multibilayers were also prepared by conventional spreading organic solutions (sOS) to serve as control samples and benchmarks for the sVS samples. 1 mg lipid mixture was solved by 100 μL chloroform/(2,2,2)-trifluoroethanol (1:1 vol/vol). The stock solution was directly pipetted onto the Si substrate. The wafer carrying the lipid solution was first kept in the fume hood for 2 h to form oriented bilayer stacks and then in vacuum for overnight to remove all solvents.
2.4. Small-angle X-ray scattering (SAXS) on proteomicelles and proteoliposomes SAXS investigation of proteomicelles and proteoliposomes was carried out at the bioSAXS beamline (BM29) of the European Synchrotron Radiation Facility (ESRF). The beam was monochromatized by a double multilayer monochromator and defined to 700 × 700 μm 2 at the sample capillary. The photon energy was set to 12.5 keV. A pixel detector (Pilatus 1M, Dectris) with 981 × 1043 pixels and 172 × 172 μm 2 pixel size was mounted 2.867 m away from the capillary. Sample suspensions and buffer solutions were first pre-pipetted into the wells of the automatic sample changer before they were delivered into the capillary for exposure. For each sample 10 frames of 1 s were collected with the local software BsxCuBE [36] , and azimuthally integrated to 1d profiles by EDNA-based data processing pipeline, which then disposed the profiles with radiation damage, averaged the remaining ones, and subtracted the best buffer data, yielding scattering curves of the investigated aggregates [37, 38] . The micelle SAXS data was fitted by the two-component ellipsoid model [39, 40] , in which the alkyl chains are considered as the less electron-dense inner core and the headgroups as the outer shell with a higher electron density, as sketched in Fig. 2c . The inner core is parameterized by the inner electron density ρ 1 , the polar radius a and the equatorial radius b, and the outer shell by the outer electron density ρ 2 , the headgroup thickness t a and t b . Here the electron density of the buffer solution (ρ s ) is considered to be close to the value of pure water (0.334 e/Å 3 ). The scattering intensity is then given by:
(1)
, and the total volume
. F(q) is the micelle form factor. s and f are the scaling factor and the linear background. J 1 denotes the first-order spherical Bessel function. The fitting was performed using the lsqnonlin routine in the Optimization Toolbox of MATLAB (MathWorks Inc.).
The vesicle SAXS data was fitted by the symmetric flat bilayer model (reasoning see Appendix D), in which the vesicle bilayer is treated as effectively flat and symmetric [41, 42] . Three Gaussian shells were used to model the two headgroup regions (the 1st and 3rd shells) and the alkyl region (the 2nd shell) of the bilayer. The scattering intensity [43] was calculated according to
where s and f are again the scaling factor and the linear background.
Here F(q) is the vesicle form factor. ρ k and σ k are the maximum electron density contrast in arbitrary units and the standard deviation of the kth Gaussian shell, respectively. The maximum electron density contrast between the headgroup and alkyl chain ρ 2 is set to −1. The position of the ε k kth Gaussian function is taken with respect to the bilayer midplane. The total membrane thickness d hh is defined by d hh = |ε 1 − ε 3 |. Under the symmetry condition, ρ 1 = ρ 3 ,σ 1 = σ 3 ,ε 1 = −ε 3 , and hence d hh = 2|ε 1 |. The fitting of vesicle SAXS curves was also performed using the lsqnonlin routine.
X-ray reflectivity
X-ray reflectivity characterization was carried out at the same home-built laboratory diffractometer as used previously [28, 35] . The Cu Kα (λ = 1.54 Å, E = 8.048 keV) beam was generated by a long fine focus X-ray tube (GE-Seifert) operating at U = 35 kV and I = 40 mA, collimated and monochromatized by a parabolic multilayer Goebel mirror, and automatically attenuated by a motorized filter wheel. A set of entrance slits were placed before the sample to define the beam size to be 0.8 mm horizontally and 3 mm vertically. The samples were mounted vertically in a sealed chamber, where both the relative humidities (RHs) and temperatures were precisely controlled [44] . Reflectivity scans with coupled θ/2θ were recorded by a fast scintillation counter (Cyberstar, Oxford-Danfysik), with a resolution of Δθ = 0.01°a nd 2 s counting time at each θ/2θ position. The incidence angle θ was converted into perpendicular momentum transfer with q z = 4πsinθ/λ. The intensities were plotted against q z , yielding a series of reflectivity curves at 22°C and various RHs.
The electron density profiles (EDPs) along the membrane normal (the z direction) were reconstructed from the reflectivity curves using the Fourier synthesis method [35, 45] , where
ν n and F n are the phase and the scattering intensity of nth Bragg order, corrected for the Lorentz factor. Only the first five peaks were taken into consideration. The phase combination was manually set to −1,−1,+1, −1, +1 [35, 44] to yield physically consistent EDPs. The bilayer periodicity d was calculated using Bragg's Law 2dsinθ = nλ, and averaged over observable Bragg peaks. Note that neither the first Bragg peak which was affected by the Fresnel reflectivity of the substrates, nor the last Bragg peak which was mostly too weak, were used in this calculation [46] . (Table 1a) and PDB molecular structures (PDB ID for Syb: "2KOG"). The sketch is assembled "by hand" using PyMOL.
Grazing-incidence small-angle X-ray scattering (GISAXS)
GISAXS experiments of the multibilayers were carried out both at microdiffraction imaging beamline (ID01) of ESRF and at our in-house diffractometer. At ID01, the photon energy was set to 17 Fig. 2a shows the SAXS data (colored circles) of (i) n-OG/PC-PE-PSChol, (ii) n-OG/PC-PE-PS-Chol/ΔN, and (iii) n-OG/PC-PE-PS-Chol/Syb micelles. All curves exhibit the typical functional form of micelles [47] , with only small systematic changes except for I(q → 0), where the curve corresponding to the ΔN-containing micelles exceeds the value of the Syb-containing micelles by a factor of about 7 and that of the proteinfree micelles by a factor of 9. This change is indicative of a certain degree of protein aggregation, as we discuss further below. As a further model-free parameter, the dominant head group to head group length L can be derived from the 2nd peak position [40] without any model fit. All mixtures showed similar L (36.61-40.02 Å), with the SNARE-containing micelle solution being slightly larger (40.02 Å for ΔN and 37.85 Å for Syb) than the pure n-OG/lipid micelles (36.61 Å). These parameters were verified by a full q-range fit based on the two-component ellipsoid model (black lines) [39] , which introduces more micelle structural parameters. All fitting parameters are summarized in . Note also that (incoherent) subtraction of the pure nOG/lipid micelles data from that of proteomicelles would not simply yield the SAXS signal of SNAREs alone, since the scattering from the micelle and reconstituted protein interfere. We can therefore not strictly apply the subtraction presented in [48] . The remaining systematic discrepancies observed in the residuals plotted in Fig. 2b show, however, that the two shell model might be over-simplified.
Results and discussion
SAXS results of the proteomicelles
Parameters in Table 1a indicate that all mixed micelles adopt an oblate shape (a < b), in agreement with previous observations that n-OG/PC micelles are "flattened" [49, 50] . The geometrical parameters, namely the semi-axis length a and b, the shell thickness t a and t b , increase only slightly for the SNARE-containing suspensions, in good agreement with the model-free parameter L above.
In order to interpret these structural results, we must keep in mind that the SAXS corresponds to an ensemble, i.e. an average over SNAREcontaining and SNARE-free micelles within the illuminated volume. According to the estimation in Appendix A based on the stoichiometry used in the reconstitution, we expect only ∼ 9% of the micelles to contain a SNARE protein. The SAXS signal is thus dominated by the protein-free micelles, which explains that all curves give very similar micelle parameters. However, larger aggregations must be present in the ΔN-containing solution. To see this, we first compute an upper bound for the total mass of a SNARE-containing micelle. From the fitted geometrical form factors of the micelles and the known composition and stoichiometry of surfactants and lipids, we obtain values in the range of 70-80 kDa. We add it to the molecular masses of the protein M ΔN = 40.993 kDa, or M Syb = 12.69 kDa, respectively, and compare this sum to the molecular mass extracted from I(q → 0) of the calibrated scattering intensity. Note that the molecular masses of the instrument apply to protein solutions, assuming a protein mass density of ρ P = 1.35 g/cm 3 [51] . Therefore, I(q → 0) = 2263 kDa/(mg/ml) of the ΔN curve must be scaled with the corresponding contrast ratio (micelleto-water/protein-to-water). Taking this into account along with the concentration c ≃ 36 mg/ml, we get values well in excess of 120 kDa, which we consider evidence of aggregation. At the same time, we presume that not all ΔN-containing micelles aggregate based on the clarity of the solution. Finally, we note that in view of problems associated with aggregation and averaging over inhomogeneous scatterers, the systematic discrepancies are not surprising, but since the residuals are comparable for all curves, we still conclude that the main limitation of this model is the over-simplistic description of the micelles. In particular, the present mixed micelles cannot be characterized well by a uniform headgroup, as they incorporate both lipids and detergents especially in the highly mixed regions. The two-component ellipsoid model may therefore fail to properly fit the data, accentuating the usual deficiencies of the model in the high q range [39, 52] . Nonetheless, the small averaged expansion of the micelles does indicate a measurable response of the system to SNARE reconstitution into the n-OG/lipid micelles, so that the SNARE reconstitution into vesicles can be subsequently performed. Fig. 3a shows the SAXS data (colored circles) and the fits (black lines) of (i) PC-PE-PS-Chol vesicles prepared by sonication, (ii) PC-PE-PS-Chol, (iii) PC-PE-PS-Chol/ΔN, (iv) PC-PE-PS-Chol/Syb and (v) PC-PE-PS-Chol/ΔN+Syb vesicles prepared by size-exclusion. The fitting results are summarized in Table 1b . They show that bilayer thicknesses d hh of vesicles vary considerably with the preparation methods and the compositions. Firstly pure PC-PE-PS-Chol vesicle bilayer prepared by sonication (d hh = 37.52 Å) is thicker than the one prepared by sizeexclusion (d hh = 36.08 Å). As they have the same lipid composition, the only appropriate explanation is that there was fairly abundant detergent (mainly n-OG) left in the bilayers, which inserted into the lipid bilayers in a wedge-like fashion [53] and lead to bilayer thinning [54] . Secondly for sVS vesicles of PC-PE-PS-Chol/ΔN (d hh = 38.28 Å) and PC-PE-PS-Chol/Syb (d hh = 36.76 Å), d hh is increased with respect to PC-PE-PS-Chol (protein-free control). This is somewhat similar to the observed swelling of micelles discussed above. In contrast to the micelles, however, the protein copy number of a vesicle is much larger than one, in fact for 100% reconstitution efficiency we expect 44 proteins for a R = 30 nm vesicle (see Appendices B and C). Given the still low proteinto-lipid ratio P/L = 0.002, we cannot expect however to see a large contribution of the "protein shell" around the bilayer. For this reason, it is plausible that the electron densities reflect mainly the small changes which the protein reconstitution brings to the lipid matrix, i.e. proteins are sensed only indirectly at this P/L. For comparison, Fig. 3c shows the electron density profiles (EDPs) of all 5 types of vesicle bilayers reconstructed with the fitting parameters in Table 1b . They show that the bilayer structure is not significantly altered by SNARE reconstitution, apart from the minor membrane thickening. Lastly, almost all fitting parameters of the mixed vesicles (PC-PE-PS-Chol/ΔN + Syb) are approximately the average of the non-mixed ones. It is likely that full fusion brings about no observable changes to the SAXS results, as long as the flat bilayer model is used to describe the data, i.e. as long as we are insensitive to the vesicle radius. However, we should be able to detect characteristic signals from docking and hemifusion. Since the SAXS curve of the mixed SNARE vesicles (purple) is roughly the average of the curves of single SNARE vesicles (red and green), we cannot identify any such effect.
SAXS results of the proteoliposomes
Finally, we address a possible aggregation of the ΔN-containing vesicles, since the micelles exhibited such an aggregation. Indeed, again there is also a minor contribution from larger aggregates, specific to ΔN-containing vesicle, as evidenced by dynamic light scattering Table 1b .
. (a) SAXS curves (colored circles) and their fits (black lines) of (i) PC-PE-PS-Chol vesicles prepared by sonication, (ii) PC-PE-PS-Chol, (iii) PC-PE-PS-Chol/ΔN, (iv) PC-PE-PS-Chol/ Syb and (v) PC-PE-PS-
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simple picture of protein reconstitution. The SNAREs anchor themselves into the host aggregates via the TMDs, leading to minor structural modifications in the detergent and lipid assembly. This knowledge is a prerequisite for the following discussion of multibilayers, as pronounced geometrical alterations of the vesicles would possibly also have an effect on the subsequent formation of multibilayers. Fig. 4a shows the reflectivity curves of (i) pure PC-PE 4:1 multibilayer prepared by sOS, (ii) pure PC-PE 4:1, (iii) PC-PE/ΔN and (iv) PC-PE/ΔN + Syb multibilayers prepared by sVS, at selected hydration conditions. First we compare the reflectivity curves of pure PC-PE prepared with both methods: A series of Bragg peaks could be observed at all measured RHs on both membranes. For the PC-PE multibilayer prepared by sOS (black), at least 8 Bragg orders (some not shown in this q range) consistently appear for all measured hydration conditions. While for the PC-PE membrane prepared by sVS (blue), a fewer number of Bragg orders (5 at RH 90%, up to 8 at RH 50%) could be recorded. Such a decrease in Bragg order numbers indicates more static defects and a reduced long-range order, even in the absence of SNAREs. In the sOS preparation, lipid molecules move freely in the organic solution and bilayers can therefore find lower energy mesoscopic states more easily during solvent evaporation. Contrarily, lipid bilayers in the sVS preparation are deposited onto the wafers via vesicle adsorption and rupture. Inevitably, there can be a certain amount of partial ruptures resulting in more bilayer defects [55] . Moreover, some weak new peaks show up in the sVS curves besides the regular Bragg orders (e.g. at RH 60%). They will be further investigated later by GI-SAXS, which is more suitable for phase determinations. On the positive side however, 5-8 Bragg orders is already a sign of high lamellar order. With them we could already perform EDP reconstitution by means of Fourier synthesis [56] . It seems that despite the existence of unruptured vesicles, the sVS preparation is still able to facilitate multibilayers with high long-range order. Next we compare the reflectivity curves of the different samples prepared with the sVS method. The curves of sVS multibilayer with ΔN (red) look highly alike the pure lipid sVS multibilayer. Similar to the pure PC-PE bilayer stacks prepared by sVS, the PC-PE/ΔN membrane also exhibits high long-range order. In the SAXS section above, we have determined that single SNAREs solely result in a structural modification to their host aggregates. It seems to continue to be the case for the supported bilayer stacks. 
X-ray reflectivity
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mixed ΔN and Syb (purple) however shows a completely different lineshape from the other two sVS multibilayers, with merely 5 Bragg peaks observable. We have learned from the SAXS results that in the suspension state the two SNARE do not strongly associate with each other. It seems that they do in the multibilayer state, where bilayers are forced into close contact [57] . In the presence of both ΔN and Syb, the bilayer could dock, hemifuse or fuse, yielding various vesicle geometries and sizes [30] . As a result, more defects appear and the multibilayer long-range order decreases. Fig. 4b shows the EDPs reconstructed with the reflectivity curves at RH 90%. It is only performed at higher RHs where clean lamellar peaks can be obtained for all curves, with the EDPs of RH 90% shown as an example. Firstly, the EDP lineshapes of the sVS multibilayers (blue, red and purple) appear similar to each other regardless of SNAREs, but distinct from the lineshape of the sOS multibilayer (black). This observation indicates a lower electron density contrast between the water layer and the headgroup layer in the sVS bilayers than in the sOS ones, and a smearing effect due to larger fluctuations/defects in the former case. Moreover, from EDPs we could derive the bilayer thickness d hh . For pure PC-PE deposited by sVS, its d hh is considerably larger than pure PC-PE by sOS (41.75 vs 38.50 Å). Secondly, the reconstitution of single SNAREs (ΔN in this case) slightly increases d hh (from 41.75 to 43.55 Å), as expected. Lastly for the PC-PE/ΔN + Syb multibilayer (purple), d hh further increases to 49.58 Å, resulting in extremely swelled bilayers. It could possibly originate from the coupling effect between ΔN and Syb. In this case the fully assembled SNARE complex with the 4-helix bundle has to be accommodated into the multilamellar structure, leading to significant structural changes in the host membrane. Nonetheless, at this point we cannot propose any 3d structure to fully clarify our observation. Note that the local lamellar d-spacing around the reconstituted proteins will certainly deviate from the average value probed by reflectivity, which is dominated by membrane area without proteins. Fig. 4d illustrates the bilayer periodicities d derived from the positions of the Bragg peaks, as exampled in Fig. 4c . Unlike the EDPs which can be only obtained at the lamellar RHs, d unveils the bilayer structure at all hydration conditions. We can see that (i) d of pure PC-PE prepared by sVS is larger than pure PC-PE prepared by sOS, (ii) d plots of pure PC-PE and PC-PE/ΔN almost overlap, and (iii) d increases significantly in the presence of both ΔN and Syb.
3.4. Grazing-incidence small-angle scattering Fig. 5 shows the synchrotron (ID01, ESRF) GISAXS patterns of PC-PE-PS-Chol 5:2:2:1 (upper) and PC-PE 4:1 (lower) multibilayers recorded at RH 90% and 95%, respectively. The upper row shows the results of the PC-PE-PS-Chol mixture: (left) pure lipid bilayers prepared by sOS, (center) pure lipid bilayers prepared by sVS, and (right) the lipid bilayers containing both ΔN and Syb prepared by sVS. The typical multilamellar GISAXS patterns with equidistant diffuse Bragg peaks indicate highly aligned and well ordered single lamellar (L) phase for all three preparations. The arc like extensions around the sharp Bragg peaks are typically about two orders of magnitude weaker in intensity, representing defects in an otherwise perfectly ordered multilamellar phase. Moreover, we observe a higher number of Bragg peaks in sOS multibilayers than in sVS multibilayers, indicating a higher degree of long range translational order, in good agreement with the reflectivity results. Despite the more pronounced defect level and the associated strain fields, multibilayers prepared by sVS still show high orientation (indicated by the arcs) and long range order, characteristic for the smectic membranes with flat boundaries [14] . GISAXS patterns of PC-PE mixtures are shown in the lower row: (left) pure lipid bilayers by sVS, (center) bilayers containing both ΔN and Syb by sVS, and (right) bilayers prepared by sVS, with ΔN and Syb already mixed before the preparation of proteomicelles and proteoliposomes (referred as premixed hereafter). Similarly to the first lipid mixture, PC-PE multibilayers prepared by sVS also exhibit a single L phase, with sufficiently high bilayer orientation and long range order. However, for the premixed sample, two coexisting phases are observed, evidencing clear phase separation. In this preparation, we can assume that the full SNARE complex has been formed from the start and reconstituted via the micelle-vesicle-multibilayer pathway. Hence, the four-helix bundle is anchored via both transmembrane anchors in the same bilayer. Since this presumingly extends the inter-bilayer distance to an unfavorable value, the system seems to react by phase separation. Such a "kinetically or thermodynamically improbable conformation" [57] is also one of the central concerns in the study of membrane proteins. This result is in contrast to the sVS preparation, where the two proteoliposome suspensions are not mixed until right before deposition, which then yields a single phase. With this knowledge, we now start to investigate the phase diagram, in particular extended towards low hydration conditions. To this end, we make use of our in-house instrumentation, for reasons of higher availability compared with synchrotron beamtime. Fig. 6 shows the in-house GISAXS patterns of PC-PE 4:1 multibilayers of (row 1) pure PC-PE prepared by sOS, (row 2) pure PC-PE prepared by sVS, (row 3) PC-PE with ΔN prepared by sVS, and (row 4) PC-PE with both ΔN and Syb prepared by sVS, measured as a function of RH (50-90 %). The first row shows the familiar L-R phase transition, in agreement with previous studies of multibilayer lipid stacks [28, 35] . The hallmark of the R phase are the two off-axis peaks, which are visible in the GISAXS pattern at RH ≤ 60%. With this information at hand, we turn to the sVS samples. In the ideal case, the measured phase diagram should be an intrinsic property of the lipid mixture, not of the preparation. However, this turns out not to be the case. In contrast to the sOS samples on which single phase is always observed, we obtain a pronounced phase-coexistence regime at lower RHs form sVS multibilayers. Furthermore, neither of the two phases transform into the R phase when the RH further decreases, even in the presence of both ΔN and Syb. The first L phase persists while the second L phase transforms into the H II phase. One may speculate whether the difference in the phase diagram, in particular the appearance of the H II phase instead of the R phase, can be attributed to the higher defect level in the sVS preparation. While the influence of defects on the phase diagram in soft condensed matter [58] is not completely implausible, we rather believe that this unexpected and complex phase behavior originates from remaining n-OG introduced by the preparation, which has already been evidenced by the comparison of pure vesicles prepared by sonication and by size-exclusion in the SAXS section. Moreover, the structure of the second phase appears to be rather irregular if we compare the three sVS samples, perhaps due to the random concentration of remaining n-OG.
In order to shed more light on this issue, we performed further purification steps of extra column washing and additional dialysis. Fig. 7 presents the comparison of the corresponding GISAXS patterns of PC-PE 1:1 multibilayers, all recorded at RH 50%. The standard purification process consists of a run through a column equilibrated with buffer (to remove detergents), followed by a run through a column equilibrated with ultrapure water (to remove salts) [30] , i.e. two runs in total. Its diffraction pattern (Fig. 7 left) exhibits a coexistence of a lamellar phase and a strange 12-fold symmetric quasi-crystal phase [59, 60] . Such a phase is rather uncommon for pure lipid systems and can only be attributed to nOG residues in the multibilayer. We then prepared the multibilayer with two extra column runs by repeating the standard purification process, i.e. four runs in total. The corresponding diffraction pattern (Fig. 7 middle) shows a coexistence of two inverted hexagonal phases, rather than the expected coexistence of one inverted hexagonal phase and one rhombohedral (stalk) phase at RH 50% for PC:PE 1:1 [46] . Therefore, we moved one step further and performed additional dialysis on the vesicle suspension after four column runs. To this end, the vesicle suspension was placed in a dialysis bag immersed in 4-5 L of ultrapure water containing 2 mg/L Bio-beads (SM-2 Resin, BIO-RAD). The bath was exchanged every 24 h for three times. Finally, the anticipated stalk phase appeared, as indexed in black in Fig. 7 (right). Such a coexistence of one hexagonal phase and one rhombohedral phase agrees perfectly with our previous observation on sOS multibilayers [46] . This result clearly demonstrates that the standard purification procedure cannot sufficiently remove the detergents for meaningful phase diagram studies.
Conclusion
In this study we have extended the vesicle-based SNARE reconstitution from supported single bilayers to supported lipid bilayer stacks. In the novel protocol, the t-SNARE (ΔN) and v-SNARE (Syb) were first separately reconstituted into micelles and then vesicles. Afterwards vesicles containing the t-SNARE and v-SNARE were mixed, incubated prior to deposition onto the substrate, where H 2 O was removed by evacuation to yield highly oriented supported multibilayers. The proteomicelles and proteoliposomes were characterized by SAXS, and the final supported lipid multibilayers by X-ray reflectivity and GISAXS, depicting a complete pathway (Fig. 1b) for the reconstitution of proteins into supported bilayer stacks.
The SAXS and reflectivity experiments reveal that (i) the sVS method can also yield well aligned bilayer stacks with sufficient long-range order for X-ray study and for EDP reconstruction despite substantial defects caused by incomplete vesicle rupture; (ii) the reconstitution of single SNAREs does not dramatically alter the structure of neither the micelles, nor the vesicles, nor the resulting multibilayers; (iii) ΔN and Syb together lead to a significant structural alteration of the multibilayer and to a decrease in lamellar ordering. In addition, GISAXS results of the sVS multibilayers show that at higher RHs a single L phase is preserved also in the presence of SNAREs, i.e. no micro-phase separation occurs. Contrarily, at lower RHs a two-state coexistence appears, with neither of the two phases being the expected stalk (R) phase. This unexpected phase behavior was observed for SNARE containing as well as for protein-free sVS multibilayers, and was attributed to residual detergents. Only after extended dialysis carried out over three days, the stalk phase appeared in the sVS samples. Hence we can conclude that residual detergents induce additional phases and inhibit the L−R phase transition, and that standard column purification and overnight dialysis is not sufficient. For this reason, our goal to establish the phase diagram for SNARE containing lipid bilayers cannot be easily achieved. Future efforts should be directed at identifying detergents which can be removed more easily and more effective purification steps [61] . Notwithstanding future improvements of the protocol, indirect characterization of SNAREs in the multibilayers prepared by the novel protocol is however, already possible at the present stage, in particular in the lamellar state. 
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Appendix A. Estimation of N SNARE per micelle
To better interpret the presence or absence of changes in the SAXS measurements with SNARE reconstitution, it is essential to first estimate the average SNARE number per micelle, since the SAXS measurements correspond to an ensemble average (see the discussion in the main text). Below we present the parameters used in the corresponding calculation, i.e. SAXS results in Table 1a for the micelle geometry, literature values for lipid and surfactants [34, 50] and the stoichiometry parameters of our preparation. We conclude that only 9% of all micelles have a reconstituted SNARE protein. Contrarily, for vesicles the average copy number of SNARE is significantly larger than one, namely ∼ 44 (see Appendix C). In-house GISAXS pattern of PC-PE 1:1 multibilayers prepared by sVS with extra purification. After four column runs, the lipid/ protein suspensions was dialysized against pure water with Biobeads for 3 days. All samples were exposed for 1000 s at RH 50% at incidence angle θ ≈ 0.4°. The primary beam (PB) and specular beam (SB) are denoted in white. The rhombohedral indices are denoted in black. The white scale bar in the lower left corner indicates 20 pixels on the detector. The false color scale corresponds to the logarithmic scattering intensity. The shadow in the center of each pattern results from the square-shape beamstop. Measurements were carried out on ALV/CGS-3 laser light scattering goniometer system (ALG-Gmbh, Langen, Germany), equipped with a 22 mW HeNe laser (λ = 632.8 nm) at 90°s cattering angle. Logarithmic number-weighting was carried out for the fitting. All three vesicles share a mean radius R 0 ≈ 30 nm, with ΔN bringing about a unique R 1 around 150 nm probably due to protein aggregation. Vesicles suspensions were diluted to ∼0.01 mg/mL for DLS study. For the fitting of vesicle SAXS data, several alternative models can be used. Using the spherical model [41, 42] , the entire q-range can be fitted and the radius R as well as the polydispersity σ R can be retrieved. However, as shape fluctuations and structure factor effects (due to aggregation of vesicles) are not included, it is sometimes more challenging to extract the bilayer profiles in such a full model. Contrarily, a simple and robust alternative is to use the flat (powder-averaged) bilayer model, which retrieves the profile ρ(z) from the high-q data, excluding low-q data from the fit. To justify the choice of the cut-off, we present a comparison of the flat bilayer model and the spherical model in Fig. D.1 . Results show that not only can both model adequately describe the SAXS data, but also yield comparable bilayer thickness d hh and electron density contrast ρ 1 (see the legend of Fig. D.1) . Note, however, that the standard deviation σ of the 3-Gaussian model deviate. Since the second form factor maximum is better captured by the flat bilayer model, and the spherical model in addition is systematically too low at low-q, we favor the flat bilayer model with the cut-off at 0.075 Å respectively, and the maximum electron density contrast of the headgroup region ρ 1 , i.e. 1.03 and 1.09 (a.u.), respectively, differ only slightly.
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